Because oligomers and aggregates of the protein α-synuclein (αS) are implicated in the initiation and progression of Parkinson's disease, investigation of various αS aggregation pathways and intermediates aims to clarify the etiology of this common neurodegenerative disorder. Here, we report the formation of short, flexible, β-sheet-rich fibrillar species by incubation of αS in the presence of intermediate (10-20% v∕v) concentrations of 2,2,2-trifluoroethanol (TFE). We find that efficient production of these TFE fibrils is strongly correlated with the TFE-induced formation of a monomeric, partly helical intermediate conformation of αS, which exists in equilibrium with the natively disordered state at low [TFE] and with a highly α-helical conformation at high [TFE]. This partially helical intermediate is on-pathway to the TFE-induced formation of both the highly helical monomeric conformation and the fibrillar species. TFE-induced conformational changes in the monomer protein are similar for wild-type αS and the C-terminal truncation mutant αS1-102, indicating that TFE-induced structural transitions involve the N terminus of the protein. Moreover, the secondary structural transitions of three Parkinson's disease-associated mutants, A30P, A53T, and E46K, are nearly identical to wild-type αS, but oligomerization rates differ substantially among the mutants. Our results add to a growing body of evidence indicating the involvement of helical intermediates in protein aggregation processes. Given that αS is known to populate both highly and partially helical states upon association with membranes, these TFE-induced conformations imply relevant pathways for membrane-induced αS aggregation both in vitro and in vivo.
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amyloid | circular dichroism | Parkinson's disease | principal component analysis | protein misfolding P arkinson's disease (PD) is one of a number of synucleopathies in which aggregation of the protein α-Synuclein (αS) is linked to pathogenesis (1) . αS is intrinsically disordered, but in the presence of lipid or detergent vesicles or micelles, adopts a highly helical structure in which its N-terminal region is membrane-bound and the C-terminal tail remains predominantly free and unstructured (2, 3) . Although most PD cases are sporadic or idiopathic, three point mutations of α-Synuclein-A53T, A30P, and E46K-are associated with familial and early-onset disease (see Review (4) ).
In addition to its free and membrane-bound states, αS adopts partially structured intermediate conformations under low-pH or high-temperature conditions (5) . A folding intermediate has also been detected at low [TFE] (6) . Conditions favoring the formation of these intermediates also promote amyloid fibril growth, possibly implicating intermediate conformers as key species in the aggregation pathways.
Here, we examine TFE-induced monomer conformational changes, oligomerization, and fibrillization in detail for wild-type (WT) αS, C terminally truncated WT αS (αS102), and the PDassociated αS mutants A30P, A53T, and E46K, expanding upon previous studies by Munishkina, et. al. (6) and Li, et. al. (7) . This research also complements our previous fluorescence correlation spectroscopy studies of αS membrane interactions (8) and protein equilibrium structural dynamics (9) .
Helical intermediates have been reported to promote fibril formation of a number of amyloidogenic proteins (10) . We show that αS is likely to aggregate via such an intermediate in the presence of TFE, suggesting that membrane-induced αS aggregation may also involve the formation of a helical intermediate. Furthermore, TFE-induced fibrils are β-sheet rich and resemble previously reported aggregates formed by C terminally truncated αS (11) , as well as structures induced by detergent and lipid interactions (12, 13) , which may be linked to PD initiation and progression (14) (15) (16) (17) .
Results
Ultrastructure of TFE-Induced αS Aggregates. Fig. 1 A-D shows micrographs of various aggregates formed from WT αS after two weeks in a shaking incubator at 37°C. Typical long, rigid amyloid fibrils form at 0% TFE (all percentages v∕v). At 5% TFE, a combination of typical amyloid fibrils and shorter, flexible fibrillar structures are observed. When [TFE] is increased to 10%-15%, classic amyloid fibrils disappear and only the flexible, short "TFE fibrils" are observed.
Aggregate production for the samples in Fig. 1 A-D was quantified by centrifugation, UV absorbance, and thioflavin-T fluorescence enhancement (Fig. 1E ). The amount of aggregate produced rises sharply at ≥10% TFE where TFE fibrils predominate.
Additional images of TFE-induced WT αS aggregates grown in a variety of solution conditions show that TFE fibrils can be grown at 25°C even in the absence of shaking when ½TFE ≥ ∼ 10% (Fig. S1A) . We have not observed classic amyloid fibril formation in the absence of shaking after incubations of up to 3 wks in 0%-20% TFE. Ultrastructurally, TFE fibrils appear to be helical, with a strand width of ∼11 nm (Fig. S2A) . The overall fibril diameters are ∼11-20 nm and appear to vary due to stretching or compression of the helical winding, while the minimum thickness of the strands is ∼5-6 nm. Amyloid fibrils in our 0% TFE sample range in diameter from ∼9-23 nm (the mean width is ∼12 nm) and are thus similar in width to TFE fibrils, but are much longer and straighter. Structures that resemble closed, distorted rings can sometimes be found via TEM (Fig. 1C and Fig. S2 B and C). Rings were most common in samples that were incubated at 37°C with shaking, although we also observed them in some room-temperature samples (e.g., Fig. S2C ). It is not clear whether ring-like structures are actually closed loops or whether their appearance is accidental due to fibril flexibility and artifacts of drying onto the TEM grids. The extent of aggregation and thioflavin-T fluorescence emission enhancement varies as a function of [TFE] for αS samples incubated at room temperature under quiescent conditions (Fig. S1B) , with TFE fibril production occurring above ∼10% TFE, and associated with some thioflavin-T binding. Similar TFE fibril production behavior at 25°C is observed for the A30P, A53T, and E46K PD-associated αS mutants (Fig. S1B) . Qualitatively, the amount of aggregate produced is highest for the E46K mutant, while the extent of A30P aggregation is reduced. In addition, the C-terminal truncation mutant αS102 forms fibrillar aggregates when incubated in ∼10%-15% TFE (Fig. S2 E-F) , indicating that the N-terminal portion of the protein is sufficient for TFE-induced fibril formation.
TFE-Induced Secondary Structural Changes in Monomeric αS. The far-UV CD spectrum of dilute (0.5 μM) WT αS in 0% TFE ( Fig. 2A) is relatively flat except for a deep minimum around 198 nm, consistent with a highly disordered protein. As [TFE] increases, the signal at 218-222 nm decreases, reflecting increased amounts of secondary structure. At 60% TFE, the spectrum has minima at 208 and 222 nm, indicating that αS adopts a highly α-helical conformation under these conditions. Surprisingly, sets of spectra for 0%-14% and 17%-60% TFE share isodichroic points ( Fig. 2A insets), consistent with coexistence of two distinct secondary structural conformations in each range of TFE concentrations. We have verified that the curves in Fig. 2A are representative of monomeric protein by examining time-and concentrationdependent variations in the spectra (see SI Text and Fig. S3) .
By plotting the mean residue ellipticities at 198 nm vs. 222 nm (½θ 222 vs. ½θ 198 ), we can construct a transition diagram (18) from the CD spectra in Fig. 2A , enabling identification of structural transitions for the monomer protein (Fig. 2B ). Points derived from spectra corresponding to shifts in an equilibrium between two conformations appear as straight lines in this diagram; the spectra that share isodichroic points in Fig. 2A form straight lines in our transition diagram. Our observation of two different, adjacent linear segments indicates that αS is sampling at least three secondary structure conformations: an unfolded conformation (U), which is approximated by the 0% TFE point; a wellfolded, α-helical species (F), which is most similar to the 60% TFE point; and an intermediate secondary structural conformation (I) that is populated at moderate [TFE] . Along the low-TFE line (bottom right of the plot), the U and I conformations coexist, while the I and F states are populated along the high-TFE line (top left).
Similar structural transitions are observed for αS102, as well as the A30P, A53T, and E46K αS mutants, with CD spectra showing a progression from a disordered conformation to α-helical secondary structure with increasing [TFE] , and low-and high-[TFE] curves sharing isodichroic points (Fig. S4) . The qualitative behavior of the αS102 mutant is very similar to WT, although the overall magnitude of the mean residue ellipticity for αS102 mutant is increased at moderate-to high-TFE (Fig. S4 A and E, S5 A and B), indicating that a larger fraction of residues adopt secondary structure in the truncation mutant. Moreover, when transition diagrams are constructed for the three PD-associated mutants, their coexistence lines are nearly identical to those of WT αS (Fig. S4 F-H, S5E) . Therefore, the TFE-induced folding landscapes of the αS variants contain comparable structural transitions. Surprisingly, plots of ½θ 222 and ½θ 198 as a function of [TFE] for all the αS variants (Fig. S5 A-D ) appear superficially to be sigmoidal, which is likely due to the fact that the intermediate spectrum ½θ 222 and ½θ 198 values lie in between the values for the U and F states. Thus, the transition diagrams reveal information about intermediate states that is hidden in these plots. Table S1 shows the TFE concentrations and isodichroic points that correspond to U ↔ I and I ↔ F coexistence for all five αS variants. Note that, for a set of CD curves that share an isodichroic point, the ellipticity of all conformations that contribute to the spectra is the same at the isodichroic. Therefore, the I state ellipticity is equal to the values measured at these points. Additionally, the point at which the two straight lines in the transition diagrams intercept should correspond to the CD values for the pure I state; these values are also shown in Table S1 .
Reconstructed I State Spectrum. Table S1 shows ellipticity values for the pure I state at four points. However, a spectrum that covers a (A) Far-UV CD spectra for 0.5 μM WT αS variant in 0%-60% TFE. The TFE concentrations for spectra with increasing negative ellipticity at 222 nm are 0%, 2%, 5%, 8%, 7%, 9%, 10%, 12%, 13%, 14%, 15%, 16%, 17%, 18%, 20%, 22%, 24%, 26%, 30%, 40%, 45%, 50%, and 60%. The insets show selected curves from the main plot, which correspond to TFE ranges where the spectra share an isodichroic point. larger wavelength range is desirable to obtain information about the secondary structure of this conformer; therefore we reconstruct the I state curve for 195-260 nm using two methods. We use Principal Component Analysis (PCA) to reduce the dimensionality of our datasets, and then find the I state via fits (in the new coordinate system) to points whose spectra share isodichroics (SI Text and Fig. S6 ). In addition, we use the information from Table S1 , along with Maximum Likelihood Estimation (MLE), to find fractions of the U and F states as a function of [TFE] , and then subtract these contributions from our measured spectra to reconstruct the I state spectrum (SI Text). Results for both methods for WT αS are shown in Fig. 3A . The spectra obtained from both methods are similar to one another and are also consistent with the values in Table S1 . The PCA results for all the αS mutants are shown in Fig. 3B ; the MLE estimates are similar to the PCA results and are shown in Fig. S6 D-G. The reconstructed I state spectra for all the αS variants are similar to one another in that they all exhibit a minimum around 222 nm that is suggestive of α-helical secondary structure (Fig. 3B) . However, the accompanying minimum expected for pure α-helical structure at 208 nm is shifted to slightly shorter wavelengths. In addition, the magnitude of the signal at 222 nm is less than would be expected for fully helical structure for all five variants, indicating that the intermediate state is partially unstructured in all cases.
Using ½θ 222 , we estimate the fractional helicity (19) for the I and F states ( Table 1 ). The percent helicity of both states is higher for αS102 compared to WT, but the number of residues in a helical conformation is similar, indicating that the N terminus of full-length αS is likely to be the region adopting structure in the presence of TFE. For all the variants, ∼24 residues are predicted to be in a helical conformation for the I state and ∼86 residues are helical in the F state. Notably, helicity is slightly lower for the A30P I state. Deconvolution analysis of the CD spectra indicated that TFE does not lead to a significant increase in β-sheet content between the U and I states (see SI Text).
Conformer Populations for Monomeric αS. The experimental CD data at all TFE concentrations are well fit by linear combinations of the reconstructed I state spectra, and the 0% and 60% TFE spectra ( Fig. 4A and Fig. S7 ). The corresponding populations (Fig. 4B ), which are very similar for all five αS variants, show that the U state becomes depleted in favor of the I state as [TFE] is increased to ∼15%, while at higher TFE, the F state population increases. The I state appears to be an intermediate in the TFEinduced conversion of U to F and in addition is significantly populated between ∼10% to ∼20% TFE, where TFE fibril formation is maximal.
Secondary Structure of TFE-Induced αS Oligomers and Fibrils. At protein concentrations of 2 μM in solutions that contain intermediate (∼12%-20%) amounts of TFE, the CD spectra change over time Note that the estimate is only defined for 0%-50% TFE, but our CD spectra are nearly identical at 50%-60% TFE, and so we are able to use the 50% TFE parameters from (19) for the F state estimates. In addition, the 15% TFE parameters are used for the I state estimates. Error bars for the I state are due to uncertainties in our PCA estimate (see SI Text) and errors for the F state are based on an experimental error. Fig. 2A ), where the fitted curves were calculated from linear combinations of the 0%, 60% and the estimated I state spectra (see SI Text). The TFE concentrations for spectra with increasing negative ellipticity at 222 nm are 5%, 13%, 15%, 17%, 20%, 30%, and 50% TFE. as oligomerization occurs, enabling an analysis of both secondary structure changes and kinetics (Fig. 5) . The initial CD curves have double minima near 205 and 220 nm, and are consistent with partially unstructured protein. As time passes, a single minimum appears near 216 nm, signifying the formation of β-sheet-rich structure. Because the appearance of β-structure is both concentration-and time-dependent, we believe it reflects the formation of oligomeric species. Interestingly, the curves share isodichroic points at ∼210 nm, suggesting that the systems are undergoing all-or-nothing transitions between two states. However, because oligomers with similar secondary structure could result in nearly identical far-UV CD curves, we may not be able to resolve conversions between oligomeric states, such as the association of smaller oligomers into larger species. We do not observe fibrils via TEM for samples incubated for ≤6 h at 25°C, even for αS concentrations as high as 50 μM; therefore we believe that the CD spectra changes for Fig. 5 correspond to the formation of nonfibrillar oligomeric species.
Measurements at a higher protein concentration of 5 μM show that the appearance of the ellipticity minimum at 216 nm is nearly complete within the 1-3 min mixing time for WT and the PD-associated mutants (excepting A30P), further confirming the concentration dependence of the initial oligomerization reaction (Fig. 5B) . Fits of the data to a single exponential model result in apparent rate constants k app (see SI Text). Visual inspection of the data in Fig. 5 A and B, in combination with the fit results ( Table S2 ), reveals that the E46K mutant reaches steady-state fastest, while A30P is slowest. Therefore, oligomerization rates appear to follow a similar series (A30P < WT ≤ ≈A53T < E46K) as the extent of aggregation data (Fig. S1B) , which indicated that the A30P mutant forms fibrils least readily and aggregation production is highest for E46K.
CD spectra for 50 μM WT αS solutions that were incubated for two weeks at room temperature (Fig. S8A ) demonstrate that mature TFE fibrils are also rich in β-strand structure. The presence of such fibrils in these solutions was confirmed by TEM (Fig. S8 B and C) . Although the fraction of TFE fibrils was not measured for these samples, the data in Fig. S1B , obtained for solutions incubated under identical conditions, indicates that a significant fraction of protein is incorporated into large aggregates. The ellipticity at 216 nm for samples containing TFE fibrils is within experimental error of the values measured for the rapidly formed oligomers, indicating that early-and late-aggregates contain similar secondary structure. The spectra are also similar to those obtained for typical amyloid fibrils (20) (21) (22) .
Discussion
We have investigated TFE-induced conformational changes, oligomerization, and fibril production for WT human αS, C terminally truncated αS, and three PD-associated αS variants. Our results demonstrate that the TFE-induced folding landscapes for the mutants are nearly identical to WT, but the kinetics of the oligomerization process vary among the disease-associated mutants. An intermediate conformational state, which has a far-UV CD spectrum that is consistent with the presence of significant α-helical structure, is highly populated at TFE concentrations where TFE fibril production is maximized. By examining the αS102 mutant, we verify that TFE-induced conformational changes involve the N-terminal portion of the protein.
TFE Induces Short, Flexible Fibrils. CD data (Fig. S8A) indicate that TFE-induced fibrils are β-sheet-rich, suggesting that they may represent a type of amyloid aggregate. TFE fibrils also exhibit a degree of thioflavin-T binding (Fig. 1E) . Nonetheless, our current data do not suffice to unequivocally establish whether these fibrils are a form of amyloid; only X-ray or electron diffraction experiments will be able to determine whether these species contain "cross-β" structure.
When imaged via TEM, TFE-induced fibrils have a flexible helical ultrastructure (Fig. 1, Figs . S1-S2). As far as we know, these structures have not been extensively studied by TEM, although we found some images of possibly similar aggregates in the literature (11-13). Crowther, et. al. (11) show micrographs of both typical amyloid fibrils and irregular fibrillar structures, which appear similar to TFE-induced species, for 1-120 C terminally truncated αS and also report "small irregular wavey assemblies" formed from 1-130 truncation. In addition, Broersen, et. al. (12) report images of aggregates induced by incubation of αS in the presence of the polyunsaturated acids arachidonic acid and docosahexaenoic acid which are qualitatively similar to TFE fibrils. Also, while this paper was in review, a study was published which described detergent-induced formation of species that may be similar to our TFE fibrils (13) . Although more research must be done to evaluate whether species produced by truncation mutations and/or lipid and detergent interactions are indeed related to TFE fibrils, the potential similarities with previously observed structures are particularly important in light of the hypothesis that intermediate or alternative oligomeric or fibrillar species are responsible for PD toxicity (23) , recent findings that C-terminal truncation of αS can lead to neuron loss and increased susceptibility to stress in transgenic mouse models (14, 15) , and multiple lines of evidence that potentially link lipid interactions and metabolism with PD etiology (16) .
The "ring-like" structures we observed via TEM (Fig. 1C and Fig. S2 B and C) may also be similar to annular structures imaged using atomic force microscopy (AFM) (23, 24) . However, difficulties in comparing widths measured via TEM to heights measured via AFM prevent us from definitively verifying that these structures are comparable.
TFE Induces a Partially Helical, Monomeric Intermediate. In contrast to previous studies by Li et al. (7) and Munishkina, et al. (6), we investigated TFE-induced structural transitions in monomeric αS by examining relatively dilute solutions (0.5 μM compared to (Fig. 2, Fig. 3 ). Increased population of the α-helical intermediate state is correlated with formation of the β-sheet-rich, short flexible fibrils (Fig. 4B) . It is possible that changes in solution conditions may favor both structure formation and aggregation via separate mechanisms. However, because TFE fibril growth is strongly correlated with increasing population of the intermediate state for all WT αS variants, the simplest explanation implied by our data is that the intermediate conformer is on-pathway to TFE fibril formation, although such an assertion is very difficult to prove (10) . The TFE-induced structural intermediate we observe can be compared to previously reported αS folding intermediates. Qualitatively, our low-TFE CD spectra are similar to data reported for WT αS at high temperature and low pH (5). However, recent NMR studies show that decreased pH in fact leads to an increase in helical structure in the C-terminal tail of αS (25), while our data for the αS102 truncation mutant show that TFE-induced structural changes involve the N-terminal portion of αS. Thus, the TFE and low-pH intermediates differ in regards to the location of secondary structure. A more detailed comparison with the high-temperature state awaits further characterizations.
Interestingly, far-UV CD spectra of detergent micelle-bound and membrane-bound αS show a high degree of α-helical structure and appear similar to our F state curves (26, 27) . The number of residues predicted to be in a helical conformation based on our CD data here (∼86) is in good agreement with the number of residues that are known to be helical in the micelle-and membrane-bound structures (26) (27) (28) (29) . In addition, our results for the C-terminal truncation mutant show that TFE-induced structural changes involve the N-terminal portion of αS, which is consistent with data for membrane-and micelle-bound conformations. If the TFE-induced F state does correspond to the highly helical membrane-bound state, then the partially helical I state, which we show is on the folding pathway to the F state, may also have a corresponding membrane-associated intermediate that could potentially be involved in membrane-induced aggregation in vivo. Indeed, evidence exists for such an intermediate; both ESR studies and recent NMR studies have reported observations of partially helical membrane-bound states of αS (30, 31) . Furthermore, the N terminus of αS contains a region with an elevated intrinsic helical propensity, which was proposed to nucleate helix formation upon membrane-binding by the protein (3, 27) . The length of this region was estimated to be around 32 residues (3), which is fairly similar to our estimate of the number of helical residues (∼24) in the TFE-induced I state, suggesting that the I state may be comprised of helical structure in this region. The slight drop in helical content of the intermediate for the A30P mutant (Table 1) , which falls within this region, provides further support for this idea, although direct correspondence between membrane-associated conformations and the TFE-induced I state cannot be establish based on our current data.
Although it was previously known that membranes or detergents can facilitate the aggregation of αS (32, 33) , and the protein is highly helical when bound to membranes or detergents as a monomer (3, (26) (27) (28) (29) 33) , it has never previously been shown, to the best of our knowledge, that any helical αS conformations are directly involved in inducing the aggregation of this protein.
Ahmad et. al. (22) found that submicellar detergent concentrations induced a partially helical ensemble of αS that was correlated with fibril elongation. However, a discrete helical intermediate was not identified and their conditions could not support fibril formation in the absence of seeding. Past studies of TFE effects on αS structure, conducted at higher [αS], identified β-sheet-rich intermediates, likely corresponding to the rapidly formed oligomers that we observe, which obscured details of the helical I state conformation (6, 7) .
The association of α-helical intermediates with amyloid fibril formation has been documented for a number of different amyloidogenic proteins or peptides, including the Aβ peptide and IAPP (10) . Our demonstration that TFE induces a significantly helical intermediate conformation of αS, which is strongly associated with fibril formation, adds αS to the list of proteins that aggregate via helical intermediates, at least under some conditions. The mechanism by which β-sheet-rich aggregates form from α-helical intermediates is currently unclear. One possibility involves helix-helix interactions leading to alignment of unstructured regions adjacent to helical segments, enabling oligomerization followed by β-sheet formation and propagation (10) .
PD Mutations Alter TFE-Induced Aggregation Kinetics, but Not Monomeric Structural Transitions. We find that the TFE-induced folding landscapes for the A30P, A53T, and E46K mutants are nearly identical to WT αS, which is in accordance with previous research that showed that the pH-and temperature-induced secondary structural conformations are similar for A30P, A53T, and WT αS (34). All three mutants have also been observed to undergo similar structural transitions to WT αS in the presence of detergents or lipids (35) (36) (37) , although the A30P mutation may lead to a slight local reduction in helical structure. Thus, secondary structural transitions appear to be largely similar among αS mutants. In contrast, oligomerization and fibrillization behavior vary significantly between PD-linked mutants, with amyloid fibril formation rates observed in the order A30P < WT < A53T∕ E46K (23, 35) . Likewise, we find that TFE-induced oligomerization rates vary significantly among the αS variants despite their nearly identical monomer secondary structure landscapes. Interestingly, the rates of TFE-induced fibril formation (A30P < WT < A53T < E46K) follow the same order as that observed for amyloid formation in the absence of TFE, suggesting that similar properties and effects may be controlling aggregation kinetics in both cases.
Whatever the effects of the PD mutations may be, they do not appear to significantly alter the TFE-induced conversion of the disordered free state to the TFE-induced intermediate. Thus, their effects may become important subsequent to this step, either during the initial formation of oligomeric species from the monomeric intermediate or during subsequent interconversions among oligomers and fibrillar species. An additional potential effect of disease-linked mutations may be to favor some aggregation pathways over others, rather than to accelerate a specific step during a single pathway. The existence of multiple types of fibrillar aggregates is clearly demonstrated both here and in previous studies (11, 13, 20, 21, 38) but their relationship to each other, the degree of overlap in their formation pathways, and the influence of mutations on which type of aggregate is formed remain unclear at present and will require further investigation. In particular, it is unclear whether the TFE-induced αS intermediate is on-pathway to the formation of classical amyloid fibrils, in addition to TFE fibrils.
In conclusion, we have shown that intermediate concentrations of the fluorinated alcohol TFE led to rapid aggregation of the PD-linked protein αS into short fibrillar β-sheet aggregates. TFE-induced fibril formation is most efficient under conditions that cause residues in the N-terminal portion of monomeric αS to populate a partially helical intermediate state, which is therefore likely to be on the pathway to TFE fibril formation. To our knowledge, this evidence is the best to date for an αS aggregation pathway that involves a helical intermediate, and adds to indications that helical intermediates may be generally important in amyloid aggregation pathways. We propose that the TFE-induced αS intermediate may resemble membrane-associated conformations; therefore the TFE-induced aggregation pathway may be related to pathways of membrane-induced aggregation, which could be significant in vivo, where αS is known to bind to synaptic vesicles and possibly other membrane surfaces (16) . We demonstrate that the formation of the TFE-induced intermediate is not significantly affected by any of the three PD-linked αS mutations, but that all three mutations do influence the overall rate of TFE fibril formation, indicating that the mutations exert their effects subsequent to the formation of the intermediate state. TFE-induced fibrils are ultrastructurally similar to species detected for αS 1-120 and 1-130 truncation mutants (11) , and may be related to aggregates produced by interactions between αS and lipids and detergents (12, 13) , potentially indicating that TFE fibrils may be relevant for understanding PD progression.
Materials and Methods
All solutions were buffered with 10 mM pH 7.5 sodium phosphate. Recombinant WT and mutant αS were produced and purified as previously described (39) . Lyophilized αS variants were solubilized by dissolving at 1-2 mg∕mL in buffer, followed by filtration through a 100 kDa (Microcon YM-100) centrifugal spin filter (Millipore).
Fibrils were grown by incubating 50 μM of αS variants for 14 d in solutions containing 0%-15% TFE. Sodium azide (0.02% w∕v) was added to the solutions as a preservative. After incubation, samples were fractionated via centrifugation at 16,000 x g for 1 h. UV absorbance at 275 nm of ∼10-fold dilution of the supernatant fraction was used to quantify the amount of soluble protein (which may include small oligomers) present in the samples after aggregation. The aggregated fraction was diluted into a buffered, 20 μM thioflavin-T solution. Fluorescence emission spectra were measured using an excitation wavelength of 460 nm. Signals were compared by integrating the emission spectra from 475-485 nm, subtracting the baseline (20 μM thioflavin-T in buffer) emission from the sample value, and normalizing to the baseline, resulting in the "enhancement factor" by which the sample peak intensity exceeds the baseline value.
Far-UV CD data were obtained using a 1 nm bandwidth. Buffer-only baseline samples were measured and subtracted from all spectra and a noisereducing option in the instrument software was used to smooth the data. Scan speeds of 1-2 s per nanometer were used, (see SI Text).
EM images were obtained with negative-staining TEM. A 5-10 μL droplet of a sample solution was placed onto a freshly glow-discharged, carboncoated formvar, copper grid. After 2 min, the sample solution was wicked off with filter paper, the grid rinsed with deionized water, and a 5 μL droplet of 2% (w∕v) phosphotungstic acid stain (pH 7) placed on the grid. After 1 min, the staining solution was wicked away and the grid air dried.
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Verification That the 0.5 μM CD Spectra are Representative of Monomeric αS. We investigate time-and concentration-dependent differences in CD signals to verify that the curves we report in Fig. 2 and Fig. S4 A-D are appropriate estimates of the αS monomer spectra. We use the normalized root mean square deviation (NRMSD) parameter (S1, S2) to quantify differences in CD data. The NRMSD of sample 1 vs. sample 2 is given by:
where λ is wavelength, ½θ S1 ðλÞ and ½θ S2 ðλÞ are the experimental CD spectra for samples 1 and 2, and N is the number of data points in the spectrum. The NRMSD parameter is generally used to measure goodness of fit in CD data deconvolution, rather than to compare experimental curves. NRMSD values below 0.1 are generally thought to indicate good agreement for fitting purposes (S2). However, we observe NRMSD values of 0.01-0.03 for repeated measurements of identical, stable samples under our standard experimental conditions. Furthermore, uncertainties in protein concentration and baseline offsets contribute additional errors. Therefore, when the NRMSD is used to compare experimental datasets, values slightly higher than 0.1 may occur for similar samples. Because the distribution of monomer vs. oligomer protein in solution is concentration-dependent, we first investigate oligomerization by comparing the CD spectra we measure at 0.5 μM to spectra for 5 μM αS. Below ∼10% and above ∼24% TFE, the shapes of the CD spectra are similar at both protein concentrations, and the NRMSD deviations between these samples are relatively low (<0.15) (Fig. S3A) . Since oligomerization is expected to result in secondary structure changes, we conclude that no oligomerization is detected by this method at low-or high-TFE. However, for ∼12%-23% TFE, we observe concentration-dependent differences in the CD spectra, indicating that oligomerization is likely occurring at the higher concentration, and necessitating further evaluation at the lower concentration.
In order to assess whether our data at 0.5 μM protein concentration represent a good approximation of the monomer curve over the full TFE range, we also consider time-dependent changes in the CD spectra. First, we note that the mutants we study show a wide range of oligomerization rates (Table S2 and Fig. 5B ), but we observe similar structural transitions at 0.5 μM. Also, we showed that at 15% TFE, oligomerization takes place on a time scale of minutes to hours for 2 μM αS variant samples (Table S2 and Fig. 5B ), and we expect the oligomerization rate to be slower at lower concentrations. To verify this expectation, we measure time-dependent changes in our CD signal for our 0.5 μM samples, comparing spectra measured 5 min vs. 15 min after sample preparation (Fig. S3B) . The NRMSD values are all fairly low, although they tend to show a peak at ∼12%-22% TFE. For WT A30P, A53T, and E46K αS, the maximum deviations occur at 15%-16% TFE, while the low-TFE values are large for αS102, which is probably due to the reduced CD signal magnitude from the disordered conformer of this smaller protein compared to full-length αS. In addition, the NRMSD values near 15% TFE are largest for E46K αS and smaller for A30P αS and αS102. However, because we observe nearly identical structural transformations for all the αS variants (Fig. 2, Fig. S4,   Fig. S5 ), including the slowly associating A30P mutant, it is unlikely that oligomerization contributes significantly to our signal at 0.5 μM.
Reconstruction of the Intermediate State CD Spectrum. Principal Component Analysis (PCA) is frequently used to reduce redundancy and extract the minimal basis for a given dataset. For CD data, this method is often used to estimate the information content in measured spectra and to compare deconvolution methods (S3-S5). Here, we use PCA to verify that our minimal basis set consists of three spectra; therefore we are observing only three distinct secondary structural conformations for our protein.
In addition, we use PCA to reconstruct the spectrum of the intermediate state over all wavelengths.
The I state ellipticity at 198 and 222 nm can be found by noting the crossover points in the transition diagram in Fig. 2B (Fig. S4 E-H for the mutants). However, we can use PCA to determine the I state ellipticity at all measured wavelengths. We express each CD spectrum as a point in N-dimensional space, where each dimension corresponds to one wavelength. We measure our spectra from 195-260 nm at 1 nm intervals; therefore N ¼ 66. For PCA, we transform this N-dimensional space onto a set of principal components, in which the basis consists of orthogonal vectors for which the variations in the data have been minimized. The first principal axis is the best straight line fit (in the 66-dimensional space) to the data, the second principal axis is the best linear fit to the data in a direction orthogonal to the first component, the third principal axis is the best linear fit in a direction orthogonal to the first two, etc. Therefore, we have transformed our vector into a new orthonormal basis in which each component contains a descending amount of information.
We perform the transformation for the sets of CD curves in Fig. 2A . We visualize the 66-dimensional vector in three dimensions by projecting it onto the first three principal component axes (Fig. S6A ). All our data appear to lie on a plane, and the three axes we have chosen show the maximal variations about this plane for any three-dimensional projection.
We verify that the dimensionality of our data can be reduced from 66 to 2 by plotting the eigenvalues of our transformation on a scree plot (Fig. S6B) . The first two eigenvalues appear prior to the "elbow" in the plot; therefore the first and second principal components are sufficient to describe our data (S6). Note that the PCA method involves subtracting the mean spectrum for our data. Thus, a two-dimensional projection expresses all our CD data as a linear combination of the mean spectrum and the two principal component basis spectra. Therefore, the fact that our data lies on a plane indicates that we detect only three conformational states in our solutions.
We project our data onto the plane of the first two principal components and show the result in Fig. S6C . This plot is entirely analogous to Fig. 2B , except that a point on this diagram corresponds to a complete spectrum. Now, by finding the location of the crossover point for the straight line fits to the data that share isodichroics, projecting this crossover point onto the basis vectors for the two principal components, and adding the mean spectrum, we are able to determine the I state spectrum over the full range of 195-260 nm. We repeat this analysis for the αS102, A30P, A53T, and E46K αS variants using the data in Fig. S4 A-D .
We corroborate the I state spectra we determine via PCA by reconstructing them using a different, independent method. First, we note that, for the U ↔ I coexistence regime (e.g., 2%-14% TFE for WT αS), a measured CD spectrum [θ] is a linear com-bination of the spectrum of the pure U state, ½θ U ðλÞ, and the spectrum of the pure I state, ½θ I ðλÞ:
where f U is the fraction of the protein in the U state and f I is the fraction of the protein in the I state. Note that f U and f I are functions of TFE concentrations, while ½θ U and ½θ I are functions of wavelength only. Because the total amount of protein is conserved, we also have:
Combining Eqs. 2 and 3, we can find f U :
In order to solve Eq. 4, we need CD data for the U and I states for at least one wavelength. The isodichroic points observed at lowand high-TFE and the intercept of the two lines on the transition diagrams (Table S1 ) provide estimates of the I state ellipticity at four wavelengths. However, Eq. 4 is undefined at the low-TFE isodichroic point, where ½θ U ¼ ½θ I ; therefore we use the three remaining reference wavelengths. In addition, we use the mean residue ellipticity values for our 0% TFE sample for ½θ U . For each αS variant, we solve Eq. 4 at each of our reference wavelengths, and then use Maximum Likelihood Estimation (MLE) analysis to obtain the best estimate of f U (therefore,
Having found f U for low-TFE data, we can calculate the full I state spectrum over the entire wavelength range by rearranging Eqs. 2 and 3 to solve for ½θ I ðλÞ:
Essentially, we are subtracting the U state (0% TFE) spectrum from a curve that contains some fraction of the I state and renormalizing. We perform this calculation for each spectrum in the U ↔ I two-state coexistence regime and use maximum likelihood to average the results. We then follow an analogous procedure for the I ↔ F coexistence regime data (17%-50% TFE for WT αS), using the 60% TFE data as an estimate of the F state spectrum at the reference wavelengths. Our inferred I state spectra, and comparisons to the spectra obtained via PCA and to the reference wavelength data points from Table S1 are shown in Fig. 3A and Fig. S6 D-G. The I state curves calculated using the low-and high-TFE data are similar to each other, and are also consistent with the values from Table S1 and the results of the PCA calculation.
Calculations of the Populations of the U, I, and F State. We estimate state populations and check our reconstructed I state curve by fitting all CD data to linear combinations of the U, I, and F state spectra. We start with the system of equations that describe the mean residue ellipticity of any sample that contains three distinct conformations:
Again, the 0% and 60% TFE curves are used to represent ½θ U ðλÞ and ½θ F ðλÞ, while ½θ I ðλÞ is taken to be the I state spectrum inferred from PCA (Fig. 3B) . Thus, Eq. 6 has two free parameters; we fit for f U and f I . Fig. 4A shows our calculated vs. experimental curves for WT αS, demonstrating that these spectra are nearly identical. The results are very similar for the mutant αS (Fig. S7 A-D) . For WT αS and the disease-associated mutants, the NRMSD for the experimental vs. calculated curves is less than 0.06 over the entire range of [TFE] (Fig. S7E) . The NRMSD is increased at low [TFE] for αS102, which probably reflects the lower CD signal, and therefore the increased uncertainty in the measurement, from this smaller protein in its disordered conformation. For all the variants, the predicted curves reproduce key qualitative features of the experimental data, including the lowand high-TFE isodichroic points. Thus, our experimental CD data can be reconstructed from linear combinations of the 0% TFE, 60% TFE, and estimated I states, which verifies that the spectra from Fig. 3 are plausible estimates of the intermediate CD curves, and also that we are observing no more than three secondary structural conformations. In addition, the fit parameters f U and f I (and f F ¼ 1 − f U − f I ) provide estimates of the conformational state populations as a function of [TFE] (Fig. 4B) .
Oligomerization Kinetics Data Fitting. We fit the data in Fig. 5B to a single exponential model:
where t is time, and a, b, and k app are coefficients that are found via the fits. Because the changes in signal are small for fast-associating mutants and high protein concentrations, fit results to the data tend to be uncertain. We overcome this limitation by assuming that the t ¼ 0 signals for the 2 μM and 5 μM protein samples should be the same as the 0.5 μM protein data obtained in the same buffer conditions (Fig. 2 and Fig. S4) , with an uncertainty of 1 × 10 3 deg cm 2 dmol −1 due to signal fluctuations, baselining errors, and uncertainty in protein concentration. The rate constants k app resulting from fits of the data in Fig. 5B and these t ¼ 0 data points, are shown in Table S2 .
Although the single exponential model should not be sufficient to describe an oligomerization reaction, it fits our data quite well. We attempted fits to other functions, including a double exponential model, the exact solution for two-state dimerization reaction (S7), and various hyperbolic functions, but comparisons using the adjusted R 2 value or the Akaike Information Criterion showed that none of these models was superior to the single exponential function for our data. Therefore, we conclude that the relatively long dead time, poor time resolution, and noise in our data prevent us from discriminating among possible kinetic models. Hence, we can estimate the overall "speed" of the reaction, as measured by k app , but we have insufficient information to determine what type of oligomers form under these conditions. Software for MLE, PCA, and Kinetics Data Analysis. MLE, PCA, and kinetics data analysis were done using MATLAB 7.1. PCA analysis was performed via the MATLAB princomp function, while fminsearch was used to fit our measured CD spectra to Eq. 6. The MATLAB function fit was used for fits to Eq. 7.
CD Data Deconvolution. We performed deconvolution of the αS variant U, I, and F state CD spectra (Figs. 2, 3, and Fig. S4 ) using K2D2 (S8, S9). In all cases, the estimated maximum total error (S8) reported by the software was ≤0. 4 .
For all five αS variants studied, K2D2 predicted that the U (0% TFE) state is 9.45% α-helical and 30.04% β-strand. In aqueous solution, αS and its variants are known to be disordered (S10-S12), and so these predictions are likely to be inaccurate. However, we are able to use the U state K2D2 results as a baseline; we compare results for the PCA-estimated I state and the F (60% TFE) state spectra to the 0% TFE prediction in order to obtain information about changes in secondary structure.
K2D2 predicts that the WT αS I state is 20.89% α-helical and 25.48% β-strand, which is a significant increase in predicted α-helical content, and a slight decrease in the predicted β-strand content, compared to the U state. The F (60% TFE) state is predicted to be 69.46% α-helical and 1.85% β-strand, which is consistent with a highly helical conformation at high [TFE] .
For αS102, the I state is predicted to be 25.60% α-helical and 19.93% β-strand, and the F state is predicted to be 78.05% α-helical and 1.62% β-strand. Hence, the truncation mutant experiences an increase in predicted α-helical structure for the I and F states compared to the U state, and these changes are greater in magnitude than those predicted for WT αS, as might be expected if structure formation involves the N-terminal portion of the full-length protein.
Structure predictions for the A53T and E46K mutants are similar to WT αS. For A53T, the I state prediction is 25.51% α-helix and 20.71% β-strand, while the F state prediction is 69.61% α-helix and 1.77% β-strand. For E46K, the I state result is 19.92% α-helix and 27.52% β-strand, while the F state prediction is 69.46% α-helix and 1.85% β-strand. Therefore, the I states for these mutants show a significant increase in predicted α-helical structure and a modest decrease in predicted β-sheet structure, compared to the U state.
For the A30P mutant, the I state is predicted to be 7.74% α-helical and 34.08% β-strand, while the F state prediction is 69.46% α-helix and 1.85% β-strand. Hence, the A30P I state is predicted to be less helical and contain more β-sheet structure than the other αS variants studied. However, differences in β-strand and α-helical content between the U and I states for A30P are modest and probably are within the error of the method. We conclude that the A30P mutant I state likely contains less secondary structure than the other variants' I states, as might be expected due to the helix-breaking nature of the proline residue and the data in Fig. 3B . show results of MLE analysis, which were calculated using spectra that shared the low-TFE isodichroic points. The dotted line shows the MLE results calculated from spectra that shared the high-TFE isodichroic. The points (circles) show the I state reference points from Table S1 . Fig. S4 A-D) and curves calculated from linear combinations of the 0%, 60% and the estimated I state spectra using Eq. 6 (black lines) for (A) αS102, (B) A30P, (C) A53T, and (D) E46K αS. The TFE concentrations for spectra with increasing negative ellipticity at 222 nm are 5%, 13%, 15%, 17%, 20%, 30%, and 50% TFE. (E) NRMSD values for the experimental data vs. calculated spectra over the full range of [TFE] for the αS variants. 
